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Forward and Backward Motion of Replicative Polymerases and Their
Coupling with the Helicase
Vincent Croquette1, Maria Manosas1, Fangyuan Ding1, Michelle Spiering2,
Stephen Benkovic2.
1CNRS, Paris, France, 2Penn State, University Park, PA, USA.
While quantitative data has been obtained on helicases and polymerase work-
ing in primer extension, a detailed analysis of these polymerases in the strand
displacement configuration is missing. We investigate polymerases and their
helicase coupling in single molecule assays using a DNA hairpin in an unzip-
ping configuration. In this simple fork model we assist these enzymes by an
external force which provides a control parameter. If we apply 15 pN force
on both strands of the DNA hairpin, it opens mechanically. Modulating the
force between 0 and 15pN is a mean to assist a molecular motor opening
the fork and thus to replace a partner in the collaborative work. Using this
assay with different polymerases, we find that their exonuclease activity is
responsible for the generally accepted statement that they do not work in
strand displacement. We show that strand displacement polymerization is pos-
sible with if assisted.
This finding leads to a Cyclic Polymerase Assay where a polymerase is period-
ically switched from olymerization to strand degradation by force modulating.
Such an assay allows us to characterize the different polymerase phases (syn-
thesis and exonuclease phases) as a function of force and propose a minimal
model for T4 and T7 polymerases. Moreover, this assay can be used for a single
molecule version of the Sanger sequencing.
The same assay can also be carried out to study the coupling between helicase
and polymerase. We find that the coupled system is very efficient and advances
at maximum rate without showing any pauses or fork regression, in stark con-
trast to the case of the isolated polymerase. We explain these results by a col-
laborative model where both the helicase and the polymerase are described by
the Betterton-Julicher helicase model.
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The Price of Being Right: Transcript Elongation, Backtracking, and Post-
Incorporation Proofreading
Stephan W. Grill.
Max Planck Institute for the Physics of Complex Systems, Dresden,
Germany.
RNA polymerases have evolved a proofreading mechanism by which they
are able to remove copy errors already incorporated into the transcript.
Though the theoretical basis for calculating the fidelity gain was established
over 30 years ago, little is known of the effects of this mechanism on over-
all transcriptional performance. To address this we integrate kinetic proof-
reading with RNA chain elongation, and show that the fact that the
polymerase removes already inserted bases during proofreading puts strict
bounds on the achievable fidelity. Through stochastic modeling we elucidate
the precise interplay between transcriptional fidelity, velocity, and energy
consumption. We highlight how specific design choices are essential for
reaching the experimentally measured fidelity. Our work offers a functional
interpretation of the broad distribution of pauses times observed for tran-
scribing polymerases in terms of the direct consequence of an efficient tran-
scription process.
Symposium 21: Mechanotransduction at the
Cellular Level: Detection and Response
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TRP Channels and Cell Mechanosensitivity
Ching Kung.
University of Wisconsin, Madison, WI, USA.
All cells respond to osmotic and mechanical forces. The rapid responses are
attributed to certain ion channels. The prokaryotic MscL and MscS open by
bilayer stretch force to release solutes, relieving osmotic stress in rain. In eu-
karyotes, some members of the transient-receptor-potential channel superfam-
ily such as the TRPV4 of animals and TRPY1 of the budding yeast are
mechanosensitive. Rat TRPV4s in patches, excised from expressing Xenopus
oocytes, open instantly upon membrane stretch. This observation makes it un-
necessary to invoke a mechanosensitive enzyme that produces a ligand to open
TRPV4. Bone constantly gauges its weight load. Unloading osteoporosis de-
velops in bed-ridden patients or astronauts in microgravity. Mice deleted of
TRPV4 do not show unloading osteoporosis. Constitutive TRPV4 activities
due to "gain-of-function" mutations cause severe bone-development and other
problems in human. Recent findings on TRPV4 mutations will be reviewed.Whether the lipid bilayer or the cytoskeleton opens animal channels is an
interesting question. I will also review evidence, the bulk of which points to
a protective role of the cytoskeleton that prevents instead of causes channel
opening.
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Sensory Mechanisms in Mammalian Touch Receptor Cells
Ellen A. Lumpkin.
Columbia University, New York, NY, USA.
The sense of touch is critical for hand dexterity that allows mammals to recog-
nize and grasp objects. Different qualities of touch are encoded by sensory neu-
rons with distinct properties. Shapes and curvature are encoded by Merkel cell-
neurite complexes, which mediate slowly adapting type I (SAI) responses. Mer-
kel cells, which cluster in fingertips and other highly touch-sensitive skin areas,
are enigmatic epidermal cells first described in 1875. The role that these cells
play in SAI responses has been debated for 40 years.
Based on morphology, Merkel cells are proposed to be mechanosensory cells.
If so, Merkel cells should 1) transduce force into membrane-potential changes
that gate voltage-activated ion channels and 2) signal afferent neurons through
synaptic transmission. Functional studies testing these predictions in intact skin
have produced conflicting results. To tackle these questions, my laboratory uses
a combination of mouse genetics, in vitro systems and intact electrophysiolog-
ical recordings. Our in vitro studies have demonstrated that Merkel cells are in-
trinsically force-sensitive and that voltage-activated channels open downstream
of mechanical stimuli. Moreover, Merkel cells express numerous ion channels
and presynaptic proteins. Collectively, these results suggest that Merkel cells
are capable of serving as touch receptor cells and pave the way to discover
transduction mechanisms.
To determine whether Merkel cells are necessary for touch responses, we used
Cre-loxP technology to generate mice that completely lack Merkel cells in the
body skin. We then used an ex vivo skin-nerve preparation to survey the classes
of touch-sensitive afferents in the saphenous nerve. Although we found no sig-
nificant differences in nociceptive sensory fibers, we observed a complete loss
of SAI responses among light-touch receptors in mice lacking Merkel cells
compared with wild-type mice. These results demonstrate that Merkel cells
are required for appropriate sensory coding of light touch.
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Mechanotransduction and Developmental Control
Donald Ingber.
Harvard University, Boston, MA, USA.
This lecture will focus on the molecular basis of cellular mechanotransduction,
how mechanical forces contribute to embryogenesis, and how physical forces
influence tissue physiology. In addition, I will describe recent development
of novel human organ-on-a-chip microdevices that can be used to study cellular
mechanotransduction in a more physiologically relevant context.Minisymposium 4: Non-Equilibrium Statistical
Mechanics: Theory & Experiment
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Thermodynamic Efficiency Out of Equilibrium
David Sivak, Gavin Crooks.
Lawrence Berkeley National Laboratory, Berkeley, CA, USA.
Much research effort focuses on understanding the thermodynamics, and in
particular the efficiency, of molecular-scale machines such as the linear motor
kinesin or the rotary F0F1-ATPase. Notably, molecular machines typically
operate far from thermodynamic equilibrium, limiting the applicability of
equilibrium statistical mechanics. Thermodynamic length analysis, a nonequi-
librium framework based on the differential geometry of macroscopic thermo-
dynamics, relates a non-equilibrium property (dissipation) to equilibrium
properties (equilibrium fluctuations and their relaxation time). It thus prom-
ises a computationally and experimentally tractable method to understand
non-equilibrium thermodynamic efficiency. Herein we demonstrate that the
thermodynamic length framework follows directly from the assumptions of
linear response theory. Uniting these two frameworks promises the dual
advantages of providing thermodynamic length analysis a firmer statistical
mechanical grounding, and equipping linear response theory with a metric
structure to facilitate the prediction and discovery of optimal (minimum
dissipation) paths in complicated free energy landscapes. To explore the
applicability of this theoretical framework, we examine its accuracy for
simple bistable systems, parametrized to model single-molecule force-exten-
sion experiments. Through analytic derivation of the equilibrium fluctuations
